Abstract-Tree topologies are widely used in WSN in order to route convergecast traffic to the sink. We consider in this paper the Shortest Path routing Tree (SPT) problem in WSN under different metrics; we show that the basic SPT based strategies are unsuitable for the many-to-one WSN when considering some metrics to compute link costs. Indeed, existing SPT approaches aim to construct a tree rooted at the sink such that the cost of the path from any node to the sink is minimal, while the cost of a given path is computed as summation of the costs of links that compose this path. However, in many-to-one WSN, links which are close to the sink are more critical than other links when using some metrics. We propose in this paper a new weighted path cost function, and we show that our cost function is more suitable for WSN. Based on this cost function, we propose a simple and efficient weighted shortest path tree construction which does not introduce new overheads. We consider, then, the particular case of energy-aware routing in WSN when we apply our new solution in order to construct more suitable energyaware SPT. We conduct extensive simulations which show that our approach allows to enhance the network lifetime up to 17% compared to the basic one.
I. INTRODUCTION
A wireless sensor network (WSN) is composed of a set of tiny autonomous nodes deployed with the purpose to collect information from a supervised environment and then send it to a base station usually called the sink. Routing trees rooted at the sink are typical structures widely used in WSN in order to deliver data to the sink.The Shortest Path Tree (SPT) approach is one of the commonly used methods to construct routing trees in the many-to-one WSN [1] . The goal of SPT algorithms is to construct a tree rooted at the sink such that the path cost from any node to the sink is minimal. In existing construction algorithms, the cost of a path is computed as summation of the cost of links that compose the path while the link cost is computed depending on the routing strategy. A lot of link metrics have been used in the literature like the hop count, the energy dissipation, the remaining energy level, the message queue length, the link quality, etc.
In all SPT based solutions, the cost of a given path is computed as a uniform summation of the costs of links that compose the path; all links within a path are given the same weight. However, because of the concentric nature of communications, links which are closer to the sink are more critical than the other links. For example, in energy-aware strategies, first level nodes are more solicited by the routing process and are usually the first nodes which fail due to the energy exhaustion. The residual energy of the first level nodes is then more important than the energy amount of the second level ones and so on. Similarly, in congestion-aware strategies, the links which are close to sink are more solicited to route packets towards the sink and hence they are more critical than the other links.
In this paper, we propose a new weighted Shortest Path Tree more suitable for many-to-one WSN. We assign efficiently decreasing weights to link costs depending on their levels in the tree. The contributions of our work can be summarized in the following points:
• We show that the basic SPT approach is unsuitable for the many-to-one WSN when using some metrics to compute link costs.
• We define a new weighted path cost function, we assign to link costs decreasing weights depending on their levels in the tree path.
• We propose a simple and efficient distributed construction of the weighted SPT based on the defined path cost.
• We apply our approach to the energy-aware routing and show through simulations that it allows to enhance the network lifetime. The remainder of the paper is organized as follows. In section 2 we give an overview of the basic SPT approach. In section 3, we present the main related works using SPT strategies and we explain why this approach is unsuitable for WSN when using some metrics. In section 4, we present our new cost function and the weighted shortest path tree construction. In section 5, we apply our approach to the energy-aware routing in WSN; we present and discuss the simulations results. We outline, finally, some conclusions in section 6.
II. BACKGROUND: BASIC SHORTEST PATH TREE APPROACH
In this section, we present the basic SPT approach widely used in the literature; we explain the tree construction as well as the different approaches used to maintain the constructed tree. Before that, let us present the network model that we use in the following sections.
A. Network model
Let (v 1 , v 2 , ...v n ) be the sensor nodes and let s = v 0 be the sink. We assume that all nodes including the sink have the same transmission range denoted by r. We model the WSN as a directed graph G = (V, E) where V and E represent respectively the node set and the link set. If a node v j is within the transmission range of a node
To each directed edge e i,j , we assign a cost C i,j which is computed depending on a given metric. We denote by D vi , the minimum cost to reach the sink from the node v i which is the cost of the shortest path from the node v i to the sink. The cost of a path P denoted by Cost(P ) is computed as the summation of costs of links that compose P .
B. Basic Shortest Path Tree Construction
The aim in traditional shortest path tree approaches is to construct a tree rooted at the sink in such a way that the cost of the path to the sink is optimal for each node v i in the tree. The cost of a path is computed as the summation of the link costs. For any given path
between node v in and the sink v 0 , the corresponding cost is given by:
Many algorithms were proposed in the literature to compute the SPT. Most of them are based on distributed versions of Dijkstra's algorithm or Bellman-Ford algorithm [2] . We focus in this paper on the Bellman-Ford based algorithms knowing that our solution can be easily adapted to other algorithms. The Bellman-Ford algorithm generates the SPT by the iteration: D 
This equation allows to construct the SPT. Indeed, the last node which allows to enhance the cost value is the parent in the shortest path tree. Bertsekas and Gallager, gives in [2] , a distributed asynchronous version of the Bellman-Ford algorithm. They show that we can settle for the neighborhood of a node v i given by the transmission range for example. The new distributed version was given by the iteration:
is the neighborhood of the node v i . Bertsekas and Gallagher [2] proved that convergence occurs even if different nodes are slow to propagate or calculate their D vi and/or C i,j .
C. Shortest Path Tree Update
In WSN, the link costs are usually not static and may change. For example, in energy-aware context, the remaining energy of nodes decreases continuously. In addition, the physical topology may change because of node mobility or failure and/or new node deployment. In order to maintain the optimal SPT structure, we identify two main approaches in the literature:
1) The periodic tree re-construction: In this approach, the sink initiates the setup phase periodically in order to reconstruct a new tree structure. The choice of the period may impact the network performance. Indeed, if the period is too small, then the network may be congested. If the period is too large, then the constructed structure may not be up-to-date for a long time.
2) The adaptive update: In adaptive approaches, the constructed tree is automatically updated during the routing process and no maintenance phase is required. Usually, these solutions propose to add a field containing the minimum cost value to the data packets. So, each node may update its parent and its minimum cost when hearing its neighbor packets. The adaptive update strategies do not guarantee the SPT at any given time; however, it ensures an approximated SPT. If link costs become stable the structure converges to the SPT. These strategies are more suitable for highly dynamic WSN because the periodic tree re-construction may be costly.
In addition to these two main approaches, other solutions were proposed in the literature. For instance, authors in [3] proposed Diffuse, an inference engine which uses information fusion techniques to detect when trees needs to be rebuilt in order to accommodate failures.
III. RELATED WORKS
Routing in WSN has been extensively investigated the last decade and a lot of solutions were proposed [4] . We review in this section some research works which explicitly or implicitly propose to use SPT structures for routing in WSN.
Depending on the routing strategy, adequate link cost definition were proposed. In the basic approaches, the aim was to minimize the hop count towards the sink. The link cost is set to be one and the path cost, which is computed as the summation of link costs, gives the hop count from the source node to the sink. Since the energy consumption and the end-toend delay are correlated to the path length, the use of shortest paths in terms of hop count reduces the energy dissipation and the end-to-end delay.
In energy-aware solutions, many metrics were used in the literature. When the energy dissipation through the link is used as metric [5] [6], the total consumed energy to reach the sink is minimized. This approach is called Short Path-power routing [7] or Minimum Total Energy (MTE) routing [8] .
In [7] , authors present a SP-power routing algorithm based on the energy dissipation through a link as metric, they propose also a SP-cost routing where the cost function was inversely proportional to the remaining battery power. They present finally a SP-power-cost routing, in order to optimize a combination of the energy dissipation and the remaining energy level. Route constructions were based on the Dijkstra algorithm. When using the SP-power routing strategy in static WSN, all the traffic is routed on the same minimum energy paths even the tree update is periodic or adaptive, nodes of theses paths exhaust quickly their energy. However, when we base on the remaining energy as metric, the paths to the sink may change and the time to the first node failure is enhanced.
Authors in [8] proposed a link metric which combines the transmission energy amount, the reception energy amount, the initial energy level and the remaining energy level of both the source node and the destination one. The distributed BellmanFord algorithm was used in order to construct the SPT based on the defined metric. In [9] , authors proposed an energy dissipation prediction model to compute the link metrics. They propose to use the principle of Prim and Dijkstra to build the SPT to prolong network lifetime while using clustering.
In [10] , authors propose an adaptive routing tree protocol for WSN where the setup phase is based on the SPT with a learning-based adaptive update. Authors propose two strategies: the energy-aware one where they use the remaining energy level of the source node to compute the link cost and the congestion aware strategy where they compute the link costs depending on the current transmission queue length of the source node.
Authors in [11] proposed to use the outward and inward link quality as metric. Based on this metric, a distributed algorithm is used to construct a routing SPT. Liang et al. [12] use as metric the expected transmission count (ETX) which is estimated based on link quality indicators. Link quality metrics were also used to construct routing trees in [13] and [14] . Other cost metrics were used in the literature such as the latency in time-dependent strategies [15] , the number of neighbors in connectivity-aware strategies, the physical distance and different QoS parameters.
In [16] , authors prove that maximizing network lifetime is NP-hard. They propose then an online heuristic which compute two shortest paths to route each message while trying to maximize the network lifetime. More recently, Luo et al. [1] studied the problem of maximizing lifetime of shortest path aggregation trees. Authors model the problem as a semimatching problem and propose a centralized algorithm (mincost max-flow) and a distributed one to solve the problem.
Discussion:
We notice that research works to date has tended to focus on the link metrics in the aim to enhance some network performances. However, a little attention has been paid to the path cost computation. Indeed, as shown above, all the surveyed solutions using SPT constructions compute the cost of a given path as a uniform summation of costs of all links that it contains; all links in a path are given the same weight. In fact, this basic approach is unsuitable for routing convergecast traffic in the many-to-one WSN when considering some metrics to compute link costs. Indeed, links which are closer to the sink are more critical than the others.
By the way of illustration, let us consider the remaining energy of the source node as metric to compute the link costs, it is obvious that the remaining energy of the first level nodes is more important than the other node's energy level because the sink neighbors are more solicited by the routing process, so they exhaust their energy much sooner than the other nodes. In figure 1 , let us assume that the node v 7 have to choose between the two paths P 1 = (v 7
In the same way, we can show that basic SPT approach is unsuitable for congestion-aware routing in WSN and for some QoS-aware strategies. Indeed, with a uniform random deployment, the number of nodes at the first level is lower than the number of nodes at the second level and so on, the first level links are more solicited than other links and their congestion is more probable than other links. In contrast to the basic approaches, we propose in the following section a new weighted global cost function more suitable for the many to one WSN.
IV. OUR SOLUTION: A NEW WEIGHTED SHORTEST PATH TREE CONSTRUCTION
We aim in our solution to privilege links which are closer to the sink since they are the most critical. In order to achieve this aim, we design a new weighted global cost function which considers the costs of the first level links more than the second level ones, the costs of the second level links more than the third level ones and so on. Our design was driven by the following goals:
• Weighting the global cost function: In order to privilege the costs of links which are closer to the sink, links may be assigned decreasing weights depending on their level in a given tree path.
• Simplicity: Because of the resource limitations, the computation of the cost values and the construction of the new SPT should be done efficiently without new extra control messages or significant computational overheads.
• Scalability: The proposed solution should adapt to large scale WSN.
• Generic solution: The proposed solution should be applicable to different routing strategies (energy-aware, congestion-aware, connectivity-aware, QoS aware, etc.).
A. A new weighted global cost function
In order to privilege the costs of links depending on their levels in a path, we define the new path cost as a weighted summation of costs of all links that the path contains. Let us P = (v in , v in−1 , , v i1 , v i0 = s) be a path which consists of n links. We define the new weighted cost of P , that we denote 
Where α is a parameter of our protocol (α ≥ 1), raised to the corresponding power, it determines the weight attributed to the link cost in order to compute a path cost. As we will show, we chose decreasing power of a parameter α to simplify the computation and the update of the minimum cost values. We discuss later in this paper the choice of the parameter α in the energy-aware context. Using this new cost function, the cost of
If we consider the energy-aware context where link costs depend on the remaining energy of nodes, the choice of the shortest path to the sink by the node v 7 using our path cost function is more suitable than the basic approach. Indeed, when computing the cost of P 1 , the remaining energy level of v 1 is implicitly considered more than the remaining energy level of node v 3 , more than the remaining energy level of node v 5 and so on. Similarly, when computing the cost of P 2 , the remaining energy level of v 2 is considered more than the energy level of v 4 and so on. This cost function is then more suitable for many-to-one WSN when using the energyaware strategy since the criticality of links within a given path depends on their levels. The same cost function is also suitable when using congestion-aware strategies in WSN where the message queue length is used as link cost metric for example.
In what follows, we give a distributed algorithm to compute the new weighted SPT depending on the defined cost function. In addition to the network model presented in section 2, we define W vi as the minimum α-Cost to reach the sink from a given node v i . We also define the α-Shortest Path Tree as the tree rooted at the sink in which the α-Cost of the path to the sink is optimal for each node v i .
B. An Efficient α-Shortest Path Tree Construction
Most of existing distributed algorithms computing shortest path routing trees can be adapted in order to compute the novel α-SPT relying on the proposed cost function. Indeed, the α-Cost of a given n + 1 hop path ending at the sink is computed as the last link cost plus α multiplied by the n hop sub-path (see figure 1) .
Input: Network topology G Output: α-Shortest Path routing Tree Initialization:
Broadcast v i , W i ; end Algorithm 1: α-shortest path tree construction algorithm Similarly to the distributed asynchronous Bellman-Ford algorithm, the α-SPT construction can be given by the iteration:
Where N (v i ) is the neighborhood of the node v i . Similarly to proofs given in [2] , we can prove that this algorithm converges to the α-shortest path tree even if different nodes are slow to propagate or calculate their W vi , and/or C i,j .
We give in algorithm (1) a distributed construction of the α-SPT. The sink initiates the construction by sending a broadcast message with its null cost. When a node receives the setup message, it computes the α-cost to the sink if it selects the sender as parent, for that, it multiply the received cost by α and add the link cost. If the computed value is lower than the local minimum cost, the node updates its cost, selects the sender node as temporary parent and re-broadcasts the setup message with the new local cost.
We notice that our construction has the same complexity as the basic SPT construction without any extra-communication overheads. In addition, the additional computation overhead due to the multiplication by α is insignificant. Furthermore, we note that our solution can be used with periodic update as well as the adaptive approaches.
V. APPLICATION TO THE ENERGY-AWARE CONTEXT
Energy-aware routing has been extensively investigated in the literature so far. As shown before, the SPT construction based on the remaining energy is one of the favorite approaches commonly used to ensure energy-aware data routing in WSN. In this section, we apply our solution to the energyaware context when we consider a cost function based on the residual energy level of nodes. First, we model the energy consumption and we define the network lifetime of any constructed routing tree. Next, we compare our approach with different α values to the basic SPT one and we present and discuss the simulation results.
A. Energy model and network lifetime definition
In what follows, we use the model defined in section 2. In addition, we assume that each node v i has a battery with a finite initial energy level E i while the sink is supposed to have unlimited energy amount. We rely on the well known model proposed in [17] which is widely used in the literature. To send one bit of data from node v i to node v j , the consumed energy at the node v i is given by:
While the consumed energy, when receiving one bit of data from any node at the node v i , is given by: RX i = E elec Where E elec is the energy consumed in the transceiver circuitry when transmitting or reciving, and E amp is the energy consumed at the transmit amplifier to achieve one meter. Without loss of generality, we assume that we use a TDMAlike MAC which allows to avoid collisions. On the other hand, we focus on the power consumption during the transmission and the reception and we neglect the energy consumption during the idle mode. We assume that each node generates periodically one data packet of k bits, we denote a period time by round. We define π i,j as the amount of data sent from node v i to node v j at each round. For any given tree structure, we define:
• Child i : the direct children of node v i in the tree; • p i : the unique parent of the node v i in the tree. We define the network lifetime as the time until the first node runs out of energy. A detailed discussion of many definitions of network lifetime can be found in [18] . Using our model, the network lifetime of a given tree is then defined as:
The lifetime of each node is then:
The system 1 can then be written as follows:
We use this definition to compare the network lifetime of our approach (α > 1) to the network lifetime of the basic SPT.
B. Simulation Results
Based on the presented energy model, we conducted simulations using MATLAB in order to compare the network lifetime depending on α values while considering the impact of the network density and the network size. We recall that the case α = 1 represents the basic SPT. We suppose that each node has an initial energy randomly selected between 5 and 20 To each link e ij = (v i , v j ), we assign the following cost:
Emax −E i β
Where: E max represents the maximum energy level and β is used in order to obtain costs in a reasonable scale, its value does not influent critically the constructed structure.
The defined link cost function allows, then, to obtain a value increasing from 1 to e Emax β , when the energy level of the source node decreases from E max to 0. We chose β = Emax 3 in order to obtain link costs belonging to the interval [1, e 3 ].
1) Impact of network density:
In this first scenario, we studied the impact of network density on the network lifetime of the constructed α-shortest path tree. The deployment field is supposed to be a circle with a radius R = 200 meters, the sink node is set to be at the center while other sensor nodes are uniformly and randomly distributed in the field. We plot in the figure 2, the network lifetime depending on the α value, when the number of nodes is between 100 and 400. All the reported results are averaged over 750 runs. Results show that higher is α better is the network lifetime, we choose the optimal α value as the value after which the network lifetime reaches the maximum value. For instance, the optimal value of α is 6,8 and 8 when the number of nodes is 100, 200 and 300 respectively.
In figure 3 , we plot the particular cases when α=1 (basic SPT approach), 4 and 7 respectively. The figure shows that our solution enhances the network lifetime up to 17% compared to the basic approach. Indeed, in 99% of cases, the first node which fails is a sink neighbor; our approach based on the weighted path cost function allows to privilege the node remaining energy depending on their hop proximity to the sink. Thus, we choose paths having higher remaining energy at the most critical nodes. 2) Impact of network size: In this second scenario, the network density is constant and set to be 20 nodes per πr 2 m×m. Hence, we varied the radius of the deployment area R depending on the number of sensor nodes, the sink node is always set to be at the center. We study then the impact of the network size on the network lifetime with different α values. All the reported results are averaged over 750 runs. In figure 4 , we plot the network lifetime when the network size is between 100 and 400 nodes and when α is equal to 1,3 and 5 respectively. The figure shows that the use of the weighted SPT allows to enhance network lifetime up to 15% compared to the basic approach. Otherwise, the obtained results showed that the best network lifetime is reached when α is between 5 and 6.
VI. CONCLUSION We considered in this paper the Shortest Path routing Tree approach in WSN. We proposed a new weighted path cost function in which we assign efficiently decreasing weights to link costs depending on their levels in the tree. Relying on this cost function, we proposed a new weighted Shortest Path Tree construction which does not introduce extra-communication overheads. We show that our solution is more suitable to the many-to-one WSN than the basic SPT approach when using some metrics because of the concentric nature of communications. We considered then the energy-aware routing when we applied our solution, we conducted extensive simulations which showed that our approach enhances the network lifetime up to 17% compared to the basic one.
